Nonequilibrium molecular dynamics simulations were performed to study nanoscale friction between two Si͑111͒ surfaces covered with alkyl monolayers immersed in liquid solvents. Three pairs of interfaces, ranging from hydrophobic CH 3 /CH 3 to hydrophilic OH/OH, were studied. Three solvents, including water, methanol, and n-decane were used to represent different solvent polarities. It was showed that friction was dependent not only on surface hydrophobicity, but also on solvent polarity. In polar solvents ͑e.g., water͒, friction is much larger for hydrophilic than hydrophobic interfaces, while in nonpolar solvents, e.g., n-decane, friction has no significant difference for both hydrophobic and hydrophilic monolayers. A fundamental understanding of friction at different interfaces in various solvents is very important to micro-or nanoelectromechanical systems ͑MEMS/NEMS͒, particularly, bio-MEMS/NEMS.
I. INTRODUCTION
Micro-or nanoelectromechanical systems ͑MEMS/ NEMS͒ are the integration of miniaturized mechanical components with microelectronic components. Because of large surface-area-to-volume ratios and restoring forces, which are unable to overcome interfacial forces such as capillary, chemical, van der Waals, and electrostatic attractions, adhesion and friction are critical to the performance of MEMS/ NEMS devices. [1] [2] [3] [4] These properties must be minimized for successful operation of the devices. Surface modification using thin organic films is one of the strategies used for minimizing the adhesion and friction. Several classes of organic films have been explored, including silane-based selfassembled monolayers ͑SAMs͒ and alkyl monolayers. [1] [2] [3] [4] Therefore, a fundamental understanding of nanoscale friction and adhesion for those monolayers is important for designing coatings in MEMS/NEMS technology.
To study friction and adhesion for these monolayers, molecular dynamics ͑MD͒ simulation and various experimental techniques [5] [6] [7] [8] [9] [10] [11] [12] have been used. A brief review on those studies was given in our previous publications. [5] [6] [7] Experimental studies demonstrate that not only interfacial ͑e.g., surface hydrophobicity͒, but also solution ͑e.g., solvent polarity͒ properties play an important role in adhesion and friction. For example, for dry lubrication, hydrophobic/hydrophobic interfaces are preferred. Coatings with -CH 3 terminated thin films are therefore often used for minimizing stiction and reducing adhesion in MEMS/NEMS. [1] [2] [3] [4] For lubrication in liquid environment, adhesive forces were reported to decrease as hydrophilic/hydrophilicϾhydrophobic/hydrophobic Ͼhydrophilic/hydrophobic interfaces in ethanol, 9 but as hydrophobic/hydrophobicӷ hydrophilic/hydrophilicϾhydro-philic/hydrophobic interfaces in water. 8, 13 Thus, it is expected that coatings with -CH 3 terminated thin films are not suitable for applications in liquid ͑aqueous͒ environment ͑e.g., in biomedical MEMS/NEMS applications͒. It was shown in earlier studies 8 that there was a direct relationship between adhesion and friction for experiments performed in ethanol. Such a correlation was not found in recent studies for experiments performed in water. 8, 13 The dependence of adhesion and friction on interfacial and solvent properties does not seem to have general rules to follow based on these recent experimental results from chemical force microscopy ͑CFM͒. 8, 9, 13 It is desirable to have a better understanding of the general laws that govern adhesive and frictional properties. It is the subject of this work to study how friction varies with interfacial and solvent properties using MD simulations.
MD simulations have been performed previously to study the friction properties of various systems. Tupper and Bernner 14 studied the friction of alkanethiol SAMs on Au͑111͒. Cagin et al. 15 investigated the atomic-scale origin of friction between two hydrogenated diamond ͑100͒ surfaces. Harrison and co-workers 16 focused on the model system of alkane monolayers on diamond ͑111͒ and investigated the effect of chain length and packing density on friction upon compression. Friction between alkylsilane monolayers was also simulated by Chandross, Grest, and Stevens. 17 Recently, we performed MD simulation studies of nanoscale friction between two Si͑111͒ surfaces covered with alkyl monolayers terminated with -CH 3 ͑hydrophobic͒ or -OH ͑hydrophilic͒ in the presence of water molecules. 5 The number of water molecules confined between monolayers was varied to account for different relative humidities. It was showed that friction coefficient decreased quickly for hydrophilic monolayers, whereas it remained almost the same for hydrophobic monolayers, as the number of water molecules ͑relative humidity͒ increased. Simulation results were in good agreement with those from our scanning force microscopy measurements for both hydrophilic and hydrophobic monolayers. 5 In this work, MD simulations were performed to study nanoscale friction for three pairs of interfaces, ranging from hydrophobic to hydrophilic, immersed in three solvents of different polarities. This work is an extension from the previous studies on how relative humidity affects friction. 5 A fundamental understanding of friction at different interfaces in various solvents is very important to micro-or nanoelectromechanical systems ͑MEMS/NEMS͒, particularly, bio-MEMS/NEMS, which are operated in liquid environment.
II. SIMULATION METHOD AND POTENTIAL MODELS
The simulation box used in this work is shown in Fig. 1 . The origin is located at the center of the box. This simulation box was constructed from the one we used previously 5 by placing a bulk solvent on each side along the y direction. Solvent molecules are confined between the two solid walls covered by alkyl monolayers. Top and bottom walls have opposite sliding directions at a rate of U* and the sliding directions are along the x direction. The solid walls are infinite in the x direction, but finite in the y direction. Threedimensional periodic boundary conditions were applied to the entire simulation cell except for confined solvent molecules in the z direction. The confined solvent is in contact with its bulk on both sides. Using this geometry, we previously investigated the rheology of confined fluids and observed ''squeezed-out'' and ''soaked-in'' phenomena in a single simulation run for the first time. 18 For the solid walls, each Si͑111͒ surface consisted of four layers of silicon atoms, which were cleaved from its bulk. Total number of silicon atoms in each wall is 768. The walls were coated with C 9 alkyl monolayers with terminal groups of -CH 3 ͑hydrophobic͒ and/or -OH ͑hydrophilic͒.
Variation of the composition of mixed -OH and -CH 3 monolayers will result in different surface hydrophobicities. Three compositions were used, i.e., Xϭ0 ͑terminated with -CH 3 only͒, Xϭ50% ͑terminated with a mixture of 50% -CH 3 and 50% -OH͒, and Xϭ100% ͑terminated with -OH only͒. In this work, three pairs of surface interactions were studied, i.e., both surfaces were covered with alkyl monolayers having the terminal groups of -CH 3 ͑denoted as CH 3 /CH 3 interface͒, of 50% -CH 3 and 50% -OH ͑denoted as CH 3 ϩOHÕCH 3 ϩOH interface͒, and of -OH ͑denoted as OHÕOH interface͒. The solvents used are in the decreasing polarity: water (polar)Ͼmethanolӷn-decane ͑nonpolar͒.
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Interaction potentials for this system were described in details previously. 5, 18, 20, 21 For alkyl monolayers chains, the universal force field ͑UFF͒ was used. 22 Thus, the total potential energy is represented by a superposition of valence and nonbond interactions. The valence terms consist of bond stretch, bond-angle bending, and dihedral angle torsion terms, while the nonbond interactions consist of van der Waals ͑vdW͒ and electrostatic terms. The nonbonded interactions are not used between nearest neighbors ͑one to two interactions͒ and between next nearest neighbors ͑one to three interactions͒. The vdW term takes into account both intermolecular and intramolecular interactions. The united atom model 23 with bond constraints was adopted to describe alkyl molecules. For those terminated with -OH, the optimized potential for liquid simulations ͑OPLS͒ was used. 24 Only the last three interaction sites in the terminal groups were assumed to have charges. For solvents, water, methanol, and n-decane molecules were modeled using the simple point charge ͑SPC͒, 25 OPLS, 23 and UFF 22 potential models, respectively. All force field parameters ͑inter-and intramolecular interactions͒ for Si substrate atoms, molecular chains, and solvent molecules were given in previous publications. 5, 18, 20, 21 Our simulations of the adsorption of water-methanol mixtures on graphite 26 show that the difference in potential energy is only 0.5%-0.7% between the use of two-dimensional Ewald sum and half-box-length cutoff techniques with comparable density profiles obtained using both these methods. Thus, the Columbic interactions were truncated at a distance equal to half of the simulation box length in this study.
The initial configurations of simulations were set up and minimized by the commercial software, CERIUS 2. 27 In all MD simulations, both monolayers and solvent molecules were dynamic, while solid wall atoms were fixed. The two solid walls were sheared along the x direction at a sliding velocity of U*ϭ1.0 in reduced units. It has been shown that dynamics of wall atoms has no significant influence on simulation results. 5, 18, 20, 22 Temperature was kept constant using the Nosé -Hoover thermostat. 28 The equations of motion of the methylene segments and solvent molecules were solved by the velocity Verlet algorithm with bond constraints ͑RATTLE͒ 29 with a time step of 1.0 fs. 45 000-step MD simulations were performed before the production run, for which frictional properties were collected within 15 000 steps.
The two solid walls were kept apart at a constant distance. The pore size H reported is defined by the average distance between the topmost atoms on each wall, as shown in Fig. 1 . In order to form two complete layers of solvents in the confined region, different pore sizes are chosen for each FIG. 1. A schematic representation of the simulation box. Two Si͑111͒ surfaces coated with C 9 alkyl monolayers with terminal groups of -OH ͑hydrophilic͒ and/or -CH 3 ͑hydrophobic͒ are sheared against each other. The whole system is immesed in a liquid solvent ͑i.e., water, methanol, or n-decane͒. The origin is located at the center of the box. The dimensions of the simulation box are 3.99 nmϫ10.14 nmϫH, where H is the pore size between two monolayers. The pore sizes are estimated to be 0.78, 0.99, and 1.17 nm for water, methanol, and n-decane, respectively. solvent, i.e., 0.78, 0.99, and 1.17 nm for water, methanol, and n-decane, respectively. In MD simulations, the total number of solvent molecules was kept constant, but the solvent molecules confined between the monolayers can be exchanged with those in the bulk on both sides. Solvent molecules were randomly inserted into the pore by grand canonical Monte Carlo simulations. 21 The total number of solvent molecules is selected so that liquid density in the bulk regions is 0.997 for water, 0.790 for methanol, and 0.743 for n-decane. In order to simulate the friction of various interfaces immersed in liquid environment, it is essential to assure that liquid density in the bulk regions is equal to its bulk density at simulation temperature and pressure.
III. RESULTS AND DISCUSSION
In this work, MD simulations were performed to study nanoscale friction for three pairs of interfaces, ranging from hydrophobic to hydrophilic ͑i.e., CH 3 /CH 3 , CH 3 ϩOHÕCH 3 ϩOH, and OHÕOH͒ immersed in three solvents of different polarities ͑i.e., water, methanol, and n-decane͒. As before, normal loads and frictional forces were calculated by averaging the forces exerted on the monolayers in the z and x directions, respectively. Friction coefficient was then obtained from friction force divided by normal load.
Friction coefficients for three interfaces in three solvents are given in Table I . Figures 2͑a͒ and 2͑b͒ plot friction coefficients versus -OH ͑or -COOH͒ surface composition from MD simulations in this work and CFM measurements by Clear and Nealey, 8 respectively. As can be seen in Figs. 2͑a͒ and 2͑b͒ from our MD simulations and CFM measurements of Clear and Nealey, 8 friction coefficient increases when surface changes from hydrophobic ͑-CH 3 terminal group͒ to hydrophilic ͑-OH or -COOH terminal groups͒ in polar solvents, whereas the difference in friction coefficient is not significant for interfaces ranging from hydrophobic to hydrophilic in nonpolar solvents. Our simulation results show that the friction coefficients for the three interfaces in n-decane (ϭ0.396-0.450) are generally smaller than those in methanol (ϭ0.341-0.556) or in water (ϭ0.467-1.18). However, Clear and Nealey 8 found that the friction coefficients for all interaction pairs studied in hexadecane ( ϭ5.4-6.2) were much larger than those in water ( ϭ0.80-3.6) or in ethanol (ϭ0.4-4.4). 8 It should be pointed out that even though the absolute value of friction coefficient for a specific system from MD simulations is quite different from that of CFM experiments, the trend of friction coefficient for different interfaces in a specific solvent from MD simulations and CFM experiments is similar. The difference in absolute friction coefficient could be caused by several factors. First of all, the geometries of simulation and experimental setups are different-two sliding surfaces in MD simulations and a tip/surface in CFM experiments. Second, scanning velocities are differentaround 200 m/s in MD simulations ͑a typical velocity in disk drives or MEMS devices 30 ͒ and 100-600 nm/s in CFM experiments. Our recent simulation results 31 and experimental measurements by others [32] [33] [34] show that friction coefficient decreases dramatically with an increasing tip scanning velocity. Finally, the interfaces studied are not identical--OH terminated alkyl monolayers in MD simulations and -COOH terminated silane SAMs in CFM experiments. Although -OH and -COOH terminal groups are both used to represent hydrophilic groups, friction behavior on -COOH and -OH surfaces is different, 8, 35 particularly in liquid environment. Here, let us analyze friction behavior for various interfaces in liquid water in details. Simulated friction coefficients are 0.467, 0.684, and 1.18 for CH 3 /CH 3 , CH 3 ϩOHÕCH 3 ϩOH, and OHÕOH interfaces, respectively. With the increase of -OH surface composition, friction coefficient increases, resulting from the fact that more hydrogen bonds are formed between water molecules and terminal groups -OH available at the interface. The average hydrogen bonds for the OHÕOH interface were found to be 1.1 per molecular chain. The formation of hydrogen bonds was defined by the interaction energy lower than Ϫ2.25 kcal/mol. 36 The configurations of confined water molecules at CH 3 /CH 3 or OHÕOH interfaces are quite different. Figures 3͑a͒-3͑c͒ show the final configurations from MD simulations for the three interfaces, for which the total number of water molecules is around 2500 and the bulk water density is about 1.0 g/cm 3 . Similar to what we found previously, 5 there is a gap between water molecules and hydrophobic ͑-CH 3 terminated͒ surfaces at the CH 3 /CH 3 interface. At the OHÕOH interface, however, water molecules form hydrogen-bonding network with the -OH terminated surfaces and fill entire pore. As shown in Fig. 3͑c͒ , the pore size is expanded and some water molecules locate closer to the walls than -OH terminal groups on alkyl monolayers. This difference can also be seen from the density profiles of confined water molecules along the z direction, shown in Fig. 4 .
Density profiles of confined methanol and of n-decane are shown in Figs. 5 and 6, respectively. For immersed in liquid methanol, at the CH 3 /CH 3 interface, two methanol molecular layers are formed as expected. At the OHÕOH interface, it is interesting to observe that two distinct methanol molecular layers are formed near the surfaces and there is a gap between surface methanol layer and inner methanol layer. This is due to the fact that the -OH groups in methanol molecules can form hydrogen bonds with the-OH terminal group of alkyl chains. It will lead to the orientation of the -CH 3 groups in methanol molecules away from the surface. Thus, hydrophilic -OH terminated alkyl monolayers are modified into hydrophobic surfaces by ordered methanol layers near the monolayers. Similar phenomenon was observed in our previous MD simulation study of the transport of liquid water and methanol through nanoscale pores with controllable surface properties. 21 For immersed in liquid n-decane, we observed layering behavior for all interfaces from hydrophobic to hydrophilic, similar to our previous simulation study of the rheology of n-dedane confined by two Au͑111͒ surfaces. 18 The segment (CH 2 and CH 3 ) density profiles in Fig. 6 indicate that n-decane behavior within the confined region is quite similar among three interfaces studied. In the peaks near the surfaces, a maximum and a shoulder appear. This phenomenon was also observed previously by us 37 and others. [38] [39] [40] [41] [42] As discussed previously, 37 the positions of the minimum energy in the site-surface function are different along the direction normal to the surface for an FIG. 3 . ͑Color͒ Snapshots from MD simulations for different interfaces immersed in water at 300 K: ͑a͒ CH 3 /CH 3 , ͑b͒ CH 3 ϩOHÕCH 3 ϩOH, and ͑c͒ OHÕOH. interaction site at different lateral positions over the alkyl monolayer. The competition between intra-and intermolecular spacings leads to different locations of the sites over the unit lattice cell, resulting in a peak and a shoulder in the contact layer near the surfaces.
Figures 7͑a͒-7͑c͒ show the final configurations from MD simulations for the OHÕOH interface immersed in water, methanol, and n-decane, respectively. In the polar solvents of water and methanol, the -OH terminal groups of alkyl chains form hydrogen bonds not only within the terminal groups, but also with the solvent molecules. In the nonpolar solvent of n-decane, however, no hydrogen bonds are formed between the -OH terminal group of alkyl chains and the solvent molecules. Instead, hydrogen bonds are formed among the terminal -OH groups of alkyl chains. As shown in Fig. 7͑c͒ , the terminal -OH groups of alkyl monolayers form pairs via hydrogen bonds.
In the present study, a friction coefficient of 0.684 was obtained for the CH 3 ϩOHÕCH 3 ϩOH interface immersed in liquid water. However, a friction coefficient of 0.32 was obtained for the same interface under high relative humidity ͑i.e., pores are filled with water molecules͒. 5 This difference is due to the different lengths of the solid walls in the y direction used in both simulations. In the former case, the length is finite (ϳ6.0 nm), whereas in the latter case where no bulk water molecules are involved, the length is infinite through the use of periodic boundary conditions in the y direction. The latter case represents the limiting case when the length of the solid walls increases to infinite. In order to demonstrate the effect of the length of solid walls on friction coefficient, we performed two additional MD simulations, in which two different lengths ͑3.0 and 12.0 nm͒ of the solid walls were used. The total number of water molecules in these two simulations is 3154 and 2156, respectively. The bulk water densities on both sides of the simulation box are ϳ1.0 g/cm 3 . Simulation results show that friction coefficient decreases from 0.684 to 0.503 when the length is doubled from 6.0 to 12.0 nm. Figure 8 further shows that friction coefficient decreases as the length of the solid walls in the y direction increases and is expected to approach its limiting value of 0.32 as the length increases to infinite. In this work, all simulations results were obtained and compared for a finite length (ϳ6.0 nm) of the solid walls in the y direction.
IV. CONCLUSIONS
MD simulations were performed to study nanoscale friction between two alkyl monolayers on Si͑111͒ immersed in liquid solvents. The terminal groups of alkyl chains were varied from -CH 3 ͑hydrophobic͒ to -OH ͑hydrophilic͒. Three solvents, including water, methanol, and n-decane were used to represent different solvent polarities. This work is an extension from the previous studies on how relative humidity affects friction. At present, there is a considerable lack of the fundamental understanding of how surface hydrophobicity and solvent polarity will affect nanoscale friction and the dependence of friction on interfacial and solvent properties does not seem to have general rules to follow based on recent experimental results from CFM. This work provides a fundamental understanding of friction at different interfaces in various solvents, which is very important to MEMS/NEMS, particularly, bio-MEMS/NEMS operated in liquid environment. The key results from this work are summarized in the following.
Friction properties were found to be dependent not only on surface hydrophobicity, but also on solvent polarity. In polar solvents ͑e.g., water͒, friction coefficient is much larger for hydrophilic than for hydrophobic interfaces, while in nonpolar solvents ͑e.g., n-decane͒, friction coefficient has no significant difference for hydrophobic and hydrophilic interfaces. Higher friction for hydrophilic interfaces results from the formation of hydrogen bonds between the -OH terminal groups of alkyl chains and the solvent molecules. The trend of friction coefficient at different interfaces in a specific solvent from MD simulations and CFM experiments is similar. However, while our simulation results show that the friction coefficients for the three interfaces in n-decane are generally smaller than those in methanol or in water, previous CFM experiments found that the friction coefficients for all interaction pairs studied in n-hexadecane were much larger than those in water or in ethanol. For polar solvents ͑e.g., water͒, there is a gap between water molecules and hydrophobic ͑-CH 3 terminated͒ surfaces at the CH 3 /CH 3 interface, while water molecules form hydrogen-bonding network with the -OH terminated surfaces and fill entire pore. For nonpolar solvents ͑e.g., n-decane͒, segment density profiles indicate that n-decane behavior within the confined region is quite similar among three interfaces studied. In addition, it was found that friction coefficient decreases as the length of the solid walls in the y direction increases and is expected to approach its limiting value as the length increases to infinite. Thus, all simulation results in this work were obtained and compared for a finite length (ϳ6.0 nm) of the solid walls in the y direction.
